Neuregulin1 (NRG1) is a single transmembrane protein that plays a critical role in neural development and synaptic plasticity. Both NRG1 and its receptor, ErbB4, are well-established risk genes of schizophrenia. The NRG1 ecto-domain (ED) binds and activates ErbB4 following proteolytic cleavage of pro-NRG1 precursor protein.
INTRODUCTION
Neuregulin 1 (NRG1) belongs to a family of trophic factors containing the epidermal growth factor (EGF)-like domain. 1 The NRG1 gene encodes at least thirty different isoforms, grouped into six classes of structural variants called types I-VI, all of which are synthesized as pro-NRG1 precursor proteins. 1 Proteolytic cleavage between the EGF domain and the transmembrane segment is necessary for conversion of immature pro-NRG1 to soluble NRG1 ecto-domain (ED) which is capable of binding ErbB receptors, and activating downstream signaling. 1 Both NRG1 and ErbB4 have been identified as schizophrenia susceptibility genes in diverse populations. [2] [3] [4] [5] [6] [7] Much is known about the functions of NRG1-ErbB4 signaling in brain with respect to synapse formation and neurotransmission. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However, the mechanisms regulating cleavage of NRG1 itself are poorly understood.
Calcyon belongs to the tripartite NEEP21/P19/Calcyon gene family 18 that has been shown to regulate vesicle trafficking events associated with synaptic plasticity, neural development and neurodegeneration. [18] [19] [20] [21] [22] Calcyon interacts with clathrin light chain and adaptor proteins to stimulate clathrin-mediated endocytosis (CME) and sorting to late endosome-related vesicles. 18, 23 Strikingly, levels of both type I NRG1 and calcyon are increased in the postmortem forebrains of schizophrenia patients. [24] [25] [26] [27] [28] [29] [30] Likewise, mice overexpressing calcyon and mice overexpressing type I NRG1 exhibit a common set of behavioral deficits relevant to schizophrenia, [31] [32] [33] [34] [35] [36] highlighting the possibility of functional convergence.
Several proteases have been reported to cleave NRG1 in vitro including β-secretase1 (BACE1), various members of a disintegrin and metalloproteinase (ADAM) family, and the matrix metalloproteinases. [37] [38] [39] [40] However, recent data suggesting that the BACE1 substrate, amyloid precursor protein (APP) is cleaved in acidic endosomes [41] [42] [43] [44] piqued our attention because of the vesicle trafficking functions of calcyon. In this report, we show that calcyon is a potent determinant of NRG1 cleavage and ErbB4 activation by studying mice overexpressing calcyon (CalOE), or with a genetic deletion of calcyon (CalKO). The robust stimulation of NRG1 cleavage seen in CalOE mice can be recapitulated in HEK 293 cells, suggesting the mechanism is cell-autonomous. Co-localization and co-immunoprecipitation studies suggest the effect could be direct. Furthermore, these studies demonstrated that CME and BACE1 are required for calcyon to stimulate type I NRG1 cleavage and ED shedding.
MATERIALS AND METHODS

Reagents and mice
The following antibodies used in these studies are available commercially (supplier shown in parentheses): mouse anti-HA, clone-16B12 (Covance, Princeton, NJ, USA), rabbit anti-HA, clone-C29F4 (Cell Signaling, Beverly, MA, USA), rabbit anti-NRG1, C-20 (Santa Cruz, Dallas, TX, USA), rabbit and mouse anti-FLAG (Sigma, St Louis, MO, USA), rabbit anti-phosphorylated-ErbB4 (1248) (Cell Signaling) and mouse anti-α-tubulin (Cell Signaling). Dr Cary Lai kindly supplied the rabbit anti-ErbB4 polyclonal antibody (0618). The ED of ErbB4 (aa 1-659, ecto-ErbB4) was generated and purified as described. 15 TAPI-2 was purchased from Santa-Cruz, and hydroxy-dynasore and βIV were obtained from EMD Millipore (Billerica, MA, USA). Calcyon overexpressing (CalOE) mice were bred from TRE-Calcyon and CamK2αtetracycline-controlled transactivator (tTA) mice. 34 Calcyon null mice (CalKO) were generated as previously reported. 23 Animals were housed in rooms at 23°C in a 12 h light/dark cycle and with food and water available ad libitum. Experimental procedures with animals were reviewed and approved by the GRU Institutional Animal Care and Use Committee.
DNA constructs
HA-type I NRG1 was kindly provided by Dr Douglas Falls. 45 Flag-calcyon, Flag-ΔBD-calcyon, mCherry-calcyon, mCherry-ATEA-calcyon 18, 23 and Flag-ErbB4 46 were generated in-house.
Cell culture and co-immunoprecipitation HEK293 cells were cultured in DMEM containing 10% FBS at 37°C in 60 mm dishes in a humidified atmosphere of 95% air and 5% CO 2 . Twentyfour hours after transfection, cells were harvested and the lysates incubated with mouse anti-Flag M2 agarose resin at 4°C overnight. The resin was washed six times with TBS containing 0.3% Triton X-100 before boiling with 2XSDS PAGE loading buffer for 10 min. The supernatant was then subjected to SDS-PAGE, and immunoblotting. Immunocytochemistry HEK293 cells on coverslips were fixed with 4% paraformaldehyde and permeabilized with 0.3% Triton X-100. 47 After blocking with 5% BSA, cells were incubated with primary antibodies overnight at 4°C followed by goat-anti-mouse 488 (Molecular Probes, Grand Island, NY, USA) secondary antibodies for 1 h at room temperature. Cells were mounted in Vectashield (Vector Laboratories, Burlingame, CA, USA), and imaged with a Zeiss LSM510 confocal microscope (Carl Zeiss, Jena, Germany).
RT-qPCR
Total RNA was isolated from mouse brain and purified using Triazol (Invitrogen, Grand Island, NY, USA) and an RNAeasy mini kit (Qiagen, Valencia, CA, USA), respectively. Four μg of total RNA were reverse transcribed using oligoT primers and SuperScript III reverse transcriptase (Invitrogen). One percent of the resulting cDNA was analyzed by qPCR in triplicates using SYBR Green/ROX (Fermentas, Pittsburgh, PA, USA) on Chromo 4 (Bio-Rad, Hercules, CA, USA). The following primer pairs were used: BACE1-F: agatggactgcaa ggagacg, BACE1-R: gcggaaggactgattggtga, ADAM17-F: actcagcatctgttcgcatc, ADAM17-R: atccgtcatcatctgcatgt, ADAM10-F: acacgagaagctgtgattgc, ADAM10-R: cgtttcaccatgaagctgat, Caly-F: gaccaggtggtcatcaa, Caly-R: tgtagtacatctcca gggtca, NRG1-F: ggaagggcaagaagaaggacc, NRG1-R: gtttcacaccgaagcacgag, GAPDH-F: aggtcggtgtgaaggatttc and GAPDH-R: tgtagaccatgtagttgaggtca. Levels of target mRNA levels were normalized to levels of GAPDH mRNA measured at the same time on the same reaction plate.
Western blot and ED shedding
Lysates of HEK293 cells and mouse brains were prepared and immunoblotted as described. 36, 47 To measure release of NRG1 ED, the culture medium of cells transfected with type I NRG1 was collected after overnight serum starvation. The medium was concentrated five-fold using a Microcon filter (Millipore, CAT No: 42410), and 30 μl of the concentrate was loaded per lane. Alternatively, 200 μl of the concentrate was 'fed' to Flag-ErbB4 transfected HEK 293 cells in each dish containing 1.8 ml serum free DMEM medium. After incubation for 20 min, the cell lysates were collected for western blot analysis. Phosphorylation of ErbB4 immunoprecipitated from mouse brain, or expressed in HEK 293 cells transfected with Flag-ErbB4 was assayed using anti-p-ErbB4 antibodies.
Antibody feeding studies
Anti-HA murine monoclonal antibodies were incubated with transfected N2a neuroblastoma cells in feeding media (HBSS containing 0.1% BSA, 25 mM HEPES, 2 mM CaCl2, 2 mM MgCl2, 4.5 g/L glucose, pH 7.4). After fifteen min at 37°C, the cells were washed on ice, fixed and incubated in detergent-free PBS containing 10% normal goat serum for 30 min prior to 45 min incubation in the same buffer with anti-mouse Alexa488conjugated antibody (Invitrogen). After removal of unbound antibody, the cells were permeabilized and blocked in PBS containing 0.1% triton and 5% normal goat serum for 30 min, and then incubated with antimouse Alexa647-conjugated antibodies (Invitrogen) in the same buffer for 45 min. Samples were mounted in ProLong Gold Antifade (Invitrogen), images captured with an LSM510 confocal microscope, and fluorescent intensities of Alexa488 and Alexa647 quantified using Image J.
Electrophysiology
Hippocampal slices were prepared as described. 36 Pyramidal cells located in the stratum pyramidale of the CA1 region were visually identified based on their characteristic triangular-shaped soma and apical dentritic morphology using an Olympus BX51W upright microscope (Olympus America, Center Valley, PA, USA) equipped with a × 40 water-immersion objective for differential interference contrast (DIC) optics. GABA A receptormediated inhibitory postsynaptic currents (IPSCs) in CA1 pyramidal cells were pharmacologically isolated in the presence of DL-AP5 (100 μM) and CNQX (20 μM). To record evoked IPSCs, two-concentric bipolar stimulating electrodes (FHC) were placed in the CA1 stratum radiatum 200 μm away from the recording electrode. Pipettes were filled with a solution containing 100 mM CsCH3SO3, 60 mM CsCl, 10 mM HEPES, 0.2 mM EGTA, 1 mM MgCl2, 4 mM Mg-ATP, 0.3 mM Na-GTP and 5 mM QX314 (pH 7.3, 285-290 mOsm). IPSC input-output (I/O) curves were measured by delivering a series of electric stimuli from 0-200 μA. Two successive stimuli separated by a 100 ms interval were delivered to determine the IPSC paired-pulse ratio (PPR). The stimulation intensity in PPR experiments was adjusted to 33% of the maximum of response in the I/O tests. To record miniature inhibitory postsynaptic currents (mIPSCs), the concentration of CsCl was increased to 140 mM, CsCH3SO3 was omitted to enhance the driving force of Cl − , and 1 μM TTX was added to the bath solution. Data were collected when series resistance fluctuated within 20% of initial values, filtered at 1 kHz, and sampled at 10 kHz. Statistics I/O curves of IPSCs were analyzed by two-way ANOVA. mIPSC frequency and amplitude, PPR of IPSCs were analyzed by student t-test. Western blot data from HEK293 cells involving two and three groups was analyzed by student t-test and one-way ANOVA, respectively. Western blot data from mouse brain was analyzed by paired t-test.
RESULTS
Increased NRG1 cleavage and ErbB4 activity in CalOE hippocampus
To test whether calcyon could influence NRG1 cleavage in vivo, we took advantage of the CalOE mice. 34, 35 In CalOE mice, expression of the flag-tagged human calcyon mini-gene is driven by the tTA protein under the control of the CamK2α promoter. Consistent with our previous results, calcyon transgene expression can be detected with anti-flag antibodies in hippocampus of CalOE but not tTA (control) mice ( Figure 1a ). 35 Since an antibody recognizing both human and mouse calcyon is unavailable, we used real time PCR to confirm that calcyon mRNA expression in CalOE mice is increased about three-fold relative to controls ( Figure 1b ). If calcyon stimulates NRG1 cleavage and/or ED shedding, we would expect lower levels of full-length NRG1, as well as higher levels of cleaved NRG1 C-terminus, in addition to enhanced NRG1 signaling in CalOE hippocampus. Consistent with this possibility, immunoblotting with antibodies directed against the C-terminus of NRG1 revealed a four-fold increase in the ratio of cleaved NRG1 to fulllength pro-NRG1 in CalOE hippocampus compared with controls ( Figure 1c ). The mechanism of increased NRG1 cleavage appears to be post-transcriptional as levels of mRNA for NRG1 were unaltered by calcyon overexpression (Supplementary Figure 1A) . Likewise, there were no alterations in transcripts for BACE1, ADAM10 and ADAM17 indicating that stimulation of NRG1 cleavage by calcyon does not likely involve increased expression of these proteases (Supplementary Figure 1B and D). We next examined ErbB4 activity in CalOE and control hippocampus using ErbB4 auto-phosphorylation as a proxy for NRG1 signaling. While levels of total ErbB4 protein were equivalent, levels of phosphorylated ErbB4 (p-ErbB4) were about two-fold higher in CalOE hippocampal lysates compared with controls ( Figure 1d ). These results suggested that overexpression of calcyon increases NRG1 cleavage as well as ErbB4 activity.
Enhanced GABAergic transmission in CalOE hippocampus
In the CNS, NRG1 ED promotes GABA release. 9, 14, 15 To validate the functional consequence of increased NRG1 cleavage because of calcyon overexpression, we measured GABAergic transmission in hippocampal CA1 pyramidal neurons of control and CalOE mice (Supplementary Figure 2) . Analysis of the IPSC I/O curves revealed that the evoked IPSC amplitude was significantly greater at all stimulus intensities in CalOE compared with control slices (Figure 2a ). These data suggested that GABAergic transmission is enhanced in CalOE hippocampus. To examine whether the enhanced GABAergic transmission involved alterations in GABA release or GABA receptors, we measured miniature inhibitory postsynaptic currents (mIPSCs) and the PPR of IPSCs. We found that mIPSC frequency, but not amplitude was elevated in CalOE compared with control slices (Figure 2b ), suggestive of enhanced GABA release. In addition, PPR, which is inversely related to GABA release 48, 49 was decreased in CalOE mice (Figure 2c ). Further analysis indicated that the decreased PPR in CalOE hippocampus involved an increase in the amplitude of the first IPSC, with no effect on the second IPSC (Supplementary Figure 3A) . Together, all of these data indicate that GABA release is increased in CalOE hippocampal slices. 
Reversal of enhanced GABAergic transmission in CalOE hippocampus by ecto-ErbB4
If increased NRG1 cleavage underlies the enhanced GABAergic transmission in CalOE hippocampus, ecto-ErbB4 should mitigate the phenotype as it neutralizes NRG1 ED. 9, [13] [14] [15] Indeed, the results indicated that ecto-ErbB4 blocked all aspects of the enhanced GABAergic transmission observed in CalOE hippocampal slices, including larger I/O curves (Figure 2d ), increased mIPSC frequency (Figure 2e ) and decreased PPR (Figure 2f and Supplementary Figure 3B ). These data suggested that increased levels of active NRG1 and elevated ErbB4 signaling play a role in the CalOE GABAergic phenotype.
Reduced NRG1 cleavage and ErbB4 activity in CalKO hippocampus Since overexpression of calcyon promoted NRG1 cleavage and ErbB4 activation, and increased GABAergic transmission, we next tested the necessity of calcyon for NRG1 cleavage and ErbB4 activation using CalKO mice and control littermates. As shown in Figure 3a , the ratio of cleaved to full-length NRG1 was decreased in CalKO hippocampus compared with control, indicating NRG1 cleavage is reduced. Consistent with this idea, the ErbB4 activity as indicated by the ratio of p-ErbB4 to total ErbB4 was decreased in CalKO hippocampus (Figure 3b ). Together, these results suggested that calcyon is necessary for normal levels of NRG1 cleavage and ErbB4 activity. Down-regulation of NRG1-ErbB4 signaling has been shown to reduce GABAergic transmission. 9, 14 Indeed, GABAergic transmission was compromised in CalKO hippocampal slices as evidenced by a rightward shift in the IPSC I/O curves (Figure 3c ), and increased IPSC PPR (Figure 3e and Supplementary Figure 3C ), although mIPSC frequency and amplitude appeared normal (Figure 3d ). When considered in light of the results from the CalOE mice, the mouse data as a whole strongly supported the notion that calcyon is a key determinant of NRG1 cleavage and signaling in brain.
Co-localization between calcyon and type I NRG1
We next sought to investigate the mechanism by which calcyon promoted NRG1 cleavage and shedding. We speculated that the mechanism would be cell-autonomous because in CalOE mice, calcyon is specifically overexpressed in pyramidal neurons, which are a major source of NRG1. 50, 51 Further, if calcyon directly influences NRG1 cleavage, NRG1 and calcyon proteins should be in close proximity in cells, or possibly even situated in a protein complex. To examine these questions, we co-transfected hippocampal neurons in primary culture with calcyon and type I NRG1 plasmids. The type I NRG1 plasmid includes an HA epitope tag inserted between the Ig and EGF domain of type I NRG1 (Figure 4a ). 45 Both calcyon and NRG1 exhibited a punctate distribution in the soma and neurite processes (Figure 4b) , and there was a high degree of overlap in the subcellular distribution of the proteins. Studies in transfected HEK 293 cells confirmed the overlapping distribution of calcyon and type I NRG1 puncta seen in neurons (Figure 4c ). Type I NRG1 and calcyon also coimmunoprecipitated from transfected HEK 293 cells suggesting that colocalization could reflect their association in a protein complex (Figure 4d ).
Calcyon promotes NRG1 cleavage and shedding in HEK 293 cells
We assessed whether the increased NRG1 cleavage detected in CalOE mice could be duplicated in vitro. If calcyon stimulates type I NRG1 cleavage via a cell-autonomous mechanism, levels of full length NRG1 should be decreased, and levels of cleaved NRG1 increased when calcyon is overexpressed in heterologous cells. Consistent with this idea, immunoblots of cell lysates probed with antibodies against a C-terminal epitope of NRG1 revealed an increase in cleaved NRG1, as well as a reduction in full-length NRG1 in cells transfected with calcyon and NRG1, compared with cells transfected with NRG1 alone (Figure 4e ). To further investigate whether increased NRG1 cleavage was accompanied by increased release of NRG1 ED, we collected the culture medium from transfected cells, and measured ED shedding with an antibody to the HA epitope. Calcyon overexpression was associated with a nearly 2.5-fold increase in both NRG1 ED shedding (Figure 4f ), and ErbB4 activation ( Supplementary Figure 4) . Together, these data strongly indicated that calcyon promotes NRG1 cleavage and shedding via a cell-autonomous mechanism.
BACE1 is required for calcyon to stimulate NRG1 cleavage A number of proteases have been implicated in the cleavage of type I NRG1 including α-secretases ADAM10, 37,52 ADAM17 (TACE), 39 and meltrin β (ADAM19), 38, 39 as well as BACE1. 37, 53 If any of these proteases plays a role in calcyon stimulated NRG1 cleavage, then inhibition of the respective enzyme should occlude the effects of calcyon on NRG1 cleavage. To test this idea, we measured NRG1 cleavage and shedding from cells expressing calcyon and NRG1 following treatment with the TACE inhibitor TAPI-2, the BACE1 inhibitor beta IV (β IV), or vehicle only. The results show that β IV, but not TAPI-2 abolished the enhancement of NRG1 cleavage by calcyon ( Figure 4e ). Accordingly, β IV but not TAPI-2 blocked the increase in NRG1 ED release associated with calcyon overexpression (Figure 4f ). Taken together, these results indicated that BACE1 plays a critical role in the mechanism by which calcyon stimulates NRG1 cleavage and shedding. CME is essential for calcyon to stimulate NRG1 cleavage Previous work indicates that calcyon stimulates CME and endosomal sorting. 18, 20, 23 BACE1 enzyme is more active in an acidic environment such as found in the lumen of vesicles, [54] [55] [56] and previous work suggests low pH also favors NRG1 ED release. 57 Thus, we determined whether the effects of calcyon on NRG1 cleavage depend on its endocytotic activity. To this end, we treated the cells with dynasore (Dyn), an inhibitor of CME. 58, 59 As shown in Figure 4e and f, Dyn abolished the ability of calcyon to increase NRG1 cleavage and shedding, indicating endocytosis plays an essential role in the mechanism. We further tested this hypothesis by investigating whether calcyon mutants defective in interacting with the endocytic machinery were as effective as wild-type calcyon in stimulating NRG1 shedding. The results of these studies showed that either deletion of the clathrin light chain binding domain (CalyΔBD), 20 or mutagenesis of amino acids critical for binding with adaptor proteins (CalyATEA) 18 abrogates the stimulatory effects of calcyon on NRG1 shedding (Figure 4g) . Altogether, these data demonstrated that endocytosis and association with the endocytic machinery is required for calcyon to stimulate type I NRG1 cleavage and shedding.
Calcyon stimulates NRG1 endocytosis
We conducted antibody feeding experiments in live N2a neuroblastoma cells to confirm that calcyon overexpression is sufficient to stimulate endocytosis of type I NRG1 (Figure 5a ). Surface NRG1 was labeled with anti-HA antibodies during a fifteen-minute incubation at 37°C. After fixation and subsequent permeabilization of the cells, surface and internalized NRG1 were detected with Alexa488 and Alexa647-conjugated secondary antibodies, respectively. In cells overexpressing type I NRG1 only, we observed endocytosis of NRG1 (Figure 5b ) in agreement with data showing that calcyon is endogenously expressed in N2a cells (data not shown). However, markedly increased levels of NRG1 endocytosis were detected in cells overexpressing wild-type calcyon as evidenced by the increased ratio of internalized to total HAlabeled NRG1 (Figure 5b and c) . In contrast, overexpression of ATEA-calcyon, which is unable to bind adaptor proteins 18 or enhance NRG1 shedding (Figure 4g ), was much less effective in stimulating internalization of surface NRG1 (Figure 5b and c) . Moreover, there were substantial differences in the subcellular distribution of internalized NRG1 among the three groups (Figure 5b ). Whereas internalized NRG1 was concentrated in the perinuclear region of cells overexpressing wild-type calcyon, internalized NRG1 was prominently localized at the cell margins when ATEA-calcyon was overexpressed, as was the case when NRG1 was expressed alone. Together, these results provided direct evidence that overexpression of calcyon is sufficient to stimulate endocytosis of type I NRG1.
DISCUSSION
Although several studies have addressed the function of NRG1-ErbB4 signaling in brain 1,60-63 regulation of NRG1 cleavage and shedding is poorly understood. Our findings demonstrate that the endocytic protein calcyon plays a critical role in NRG1 maturation in brain. First, studies in calcyon knockout and overexpressing mice indicated the existence of a direct relationship between calcyon expression levels and NRG1 cleavage, ErbB4 activity and GABAergic transmission. Second, stimulation of NRG1 cleavage and shedding by calcyon was recapitulated in HEK 293 cells, indicative of a cell-autonomous mechanism. Third, studies with inhibitors and calcyon mutant proteins indicated that BACE1 and CME are required for calcyon to stimulate NRG1 cleavage and shedding. This hypothesis was further supported by the fact that calcyon stimulated NRG1 endocytosis; and internalized NRG1 colocalized with calcyon. Altogether, these results establish a novel mechanism for NRG1 cleavage and shedding.
Proteolytic cleavage between the EGF domain and TM segment is necessary for the release of NRG1 ED and activation of ErbB receptors. 1 In vitro studies suggested that ADAM10, ADAM17 (TACE), and ADAM19 (meltrin β) are capable of cleaving NRG1. [37] [38] [39] 52, 64, 65 However, NRG1 cleavage was found to be normal in mice overexpressing wild type or dominant negative ADAM10. 52 Additionally, ADAM17 was shown to cleave NRG1 but inhibit its activity. 66 Since NRG1 cleavage and ErbB4 activity is increased in CalOE hippocampus, the stimulation of NRG1 cleavage by calcyon does not likely involve either TACE or ADAM10. Also TAPI-2, a potent TACE inhibitor, had no impact on the ability of calcyon to promote NRG1 cleavage and shedding in HEK 293 cells. In contrast, βIV blocked NRG1 cleavage and ED shedding, indicating that BACE1 rather than TACE plays a critical role in the NRG1 ED-shedding mechanism stimulated by calcyon.
This result is consistent with in vivo studies showing that NRG1 cleavage and ErbB4 activity is reduced in BACE1 knockout mice. 53 In our experiments, antibodies to an epitope in the NRG1 C-terminus consistently detected a~110-120 kDa band on blots whether the source of the protein was brain or transfected cells. The other major band detected in our gel system with these antibodies ran at~40 kDa, which appears to be a C-terminal cleavage product of NRG1. A 405 amino acid C-terminal cleavage product is predicted based on recent mass spectrometry data of the BACE1 cleavage site in the N-terminus of type I NRG1, 67 and the sequence of the type I NRG1-β1a construct used in our studies. 45, 68 Other groups 37, 67, 69 reported bands corresponding to C-terminal remnants of NRG1 which run on gels between 50-60 KDa. The apparent smaller size of the C-terminal remnant we detect could be because of variation in gel conditions or differences in RIPA buffers between labs. Alternatively, it could result from further cleavage of a larger cleaved C-terminal fragment. In any case, levels of this cleaved form of NRG1 were reduced in CalKO, whereas they were increased in both CalOE brain and in calcyon-transfected cells indicating that up-regulation of calcyon promotes NRG1 shedding and cleavage both in vitro and in vivo.
The mechanism of calcyon-stimulated type I NRG1 shedding required endocytosis, a finding that is consistent with results of early studies on the neuromuscular form of type I NRG1 (i.e., ARIA). 57 In neurons, calcyon stimulates clathrin-mediated-endocytosis and promotes the axonal sorting of adaptor protein 3 (AP-3) cargoes. 18, 23 Antibody feeding experiments indicated that overexpression of wild-type calcyon robustly increased internalization of NRG1 and sorting of internalized NRG1 to perinuclear endosomes. Mutation of the adaptor protein-binding site abrogated calcyon-stimulated shedding, and strongly inhibited the ability of calcyon to stimulate NRG1 internalization. Previous work showed that along with reduced binding to adaptor proteins, the ATEA mutation in calcyon is associated with a significant reduction in levels of calcyon in perinuclear REs, Golgi or lysosomal compartments, presumably because of a failure in trafficking from EEs. 18 Together, these data indicate that endocytosis and trafficking through the endosomal system could be critical for BACE1 cleavage of NRG1, as has been suggested for BACE1 cleavage of amyloid precursor protein. 41, 42 Overexpression and deletion of calcyon exerted opposite effects on NRG1 cleavage and ErbB4 phosphorylation. However, in both cases, the effect of the CalOE and CalKO on levels of cleaved NRG1 was about twice the size of the effect on ErbB4 phosphorylation. One factor that could explain the apparent discrepancy in levels of NRG1 cleavage and ErbB4 phosphorylation is that ErbB4 has other ligands such as neuregulin 2 (NRG2) and neuregulin 3 (NRG3), in addition to NRG1. Changes in calcyon levels might not impact cleavage of NRG2 and NRG3, which may explain why the effect of CalOE and CalKO on ErbB4 phosphorylation is less than the effect on NRG1 processing.
Consistent with previous work showing that NRG1 ED promotes GABA release in hippocampus, the CalOE and CalKO mice exhibited largely inverse GABAergic phenotypes. While this was indeed the case for IPSC I/O curves and PPR responses, the mIPSC frequency was increased in CalOE slices, whereas no alterations were detected in CalKO slices. PPR is considered a reflection of stimulated release of presynaptic vesicles, and mIPSC frequency, an index of spontaneous release. Hence, lack of impact of deleting calcyon on mIPSC frequency could involve differences in the mechanisms of stimulated versus basal release. In this regard, previous studies showed a preferential effect of calcyon gene deletion on activity-dependent rather than basal excitatory synaptic activity. 20 Alternatively, other compensatory mechanisms impacting spontaneous GABA release could be at play in the CalKO. For example, a similar situation was observed in hippocampal slices of ErbB4 mutant mice in which mIPSC frequency was unaltered, 9, 70 while addition of NRG1 ED to wildtype slices increased mIPSC frequency. 9 The large rightward shift in the CalKO I/O curve would indicate that GABA transmission is greatly reduced in CalKO animals. This could potentially be related to low levels of phosphorylated ErbB4. In addition, deletion of calcyon could impact GABA transmission via mechanism(s) independent of NRG1/ErbB4. The mechanism we describe impacts type I NRG1 in vitro, and it remains of interest to learn whether calcyon could promote the cleavage and shedding of other NRG1 isoforms in vivo. Indeed, there are multiple forms of NRG1 expressed in hippocampus, however the NRG1 antibody used here is unable to distinguish among them. Similarly, since endocytosis in brain is highly regulated by neural activity, [71] [72] [73] [74] and a role for calcyon in activity-dependent endocytosis at synapses has previously been demonstrated, 20 association with calcyon could represent a key mechanism for activity-regulated NRG1 cleavage. In this regard, it would be interesting to address in future studies whether the interaction between NRG1 and calcyon is regulated by neuronal activity, and if so, when.
Although hundreds of risk genes have been identified for schizophrenia, there is strong evidence that the disorder could result from a combination of multiple genetic factors. 75 However, experimental evidence linking several genes in a potential disease pathway is sparse. Calcyon is elevated in postmortem brains of schizophrenics 24, 25, 27, 29 and our data indicated that NRG1-ErbB4 signaling is increased in CalOE hippocampus as well as heterologous cells overexpressing calcyon. Intriguingly, elevated NRG1-ErbB4 signaling has also been detected in the postmortem brain of schizophrenics (Hahn et al., 2006) . As such, the CalOE mice would appear to be useful for exploring 'two-hit' hypotheses of schizophrenia, as well as for better understanding NRG1 activation during brain development and synaptic transmission.
